Introduction
Monitoring and visualizing the regional distribution of L-glutamate release in brain and brain slices are important for knowing the fundamental role of neuronal activity. The monitoring of extracellular L-glutamate has been performed by using a variety of invasive and non-invasive methods. [1] [2] [3] Although the methods are invasive, in situ microdialysis [4] [5] [6] [7] and enzyme based microsensors [8] [9] [10] [11] are useful for monitoring L-glutamate at a single point with temporal resolution of seconds. On the other hand, physically non-invasive techniques for visualizing the distribution of L-glutamate release with cellular resolution have also been exploited by using glutamate binding and related proteins coupled to a fluorescence molecule [12] [13] [14] [15] [16] and various glutamate-sensitive techniques. [17] [18] [19] [20] [21] [22] [23] These probes have successfully been applied to imaging of L-glutamate in brain tissues during physiologically relevant stimulation. 3, 14, 17 We have proposed a visualizing technique with regional resolution based on L-glutamate oxidase (GluOx) immobilized in a polymer matrix 24, 25 and covalently immobilized on a glass slip. 26 The methods enabled us to visualize the regional distribution of L-glutamate fluxes in hippocampal slices under ischemia. In our methods, an acute brain slice is set on a GluOx layer, and hence probes are not necessary to be added. Therefore, the method is practically non-invasive.
One of the drawbacks of the above-mentioned visualization methods is that, if the methods are applied to a flow system, a loss of spatial resolution is expected because L-glutamate is released into the extracellular space of neurons and is likely to diffuse out of brain slices in a flow system. In the present study, we extend the enzymatic imaging approach to a flow system by trapping the GluOx-based system in agarose gels. Fundamental properties of the glutamate oxidase (GluOx)-based agarose gels are investigated for monitoring the regional distribution of ischemia-induced L-glutamate fluxes in hippocampal slices in a flow system. Under ischemic conditions, the release of L-glutamate occurs slowly and its level is significantly augmented, and hence the enzyme-based agarose gel method will be useful for visualizing the regional distribution of L-glutamate fluxes.
Experimental

Reagents
Glutamate oxidase (GluOx, recombinant E. Coli) (25 U/mg powder) was obtained from Yamasa Co. (Choshi, Japan). Horseradish peroxidase (HRP), N-(carboxymethylaminocarbonyl)-4,4′-bis(dimethylamino)-diphenylamine sodium salt (DA-64), and L-glutamic acid were obtained from Wako Pure Chemicals Co. (Osaka, Japan). A supply of 2-deoxy-D-glucose was obtained from Tokyo Kasei Co. (Tokyo, Japan). Agarose type VII (low gelling temperature, congealing temp <30 C) was obtained from Sigma Co. (St. Louis, MO). Other chemicals used were all of analytical reagent grade. Milli-Q water (Millipore reagent water system, Bedford, MA) was used throughout the experiments. Cover slips (No. 1, diametercontaining 120 mM NaCl, 3.0 mM KCl, 2.0 mM CaCl2, 2.0 mM MgSO4, 23 mM NaHCO3, 1.2 mM NaH2PO4 and 11 mM D-glucose, saturated with a 95% O2-5% CO2 gas mixture. An ischemia solution contained 120 mM NaCl, 3.0 mM KCl, 2.0 mM CaCl2, 2.0 mM MgSO4, 23 mM NaHCO3, 1.2 mM NaH2PO4 and 11 mM 2-deoxy-D-glucose, and was bubbled with a 95% N2-5% CO2 gas mixture. A Bindschedler's Green (BG) solution was prepared from a solution containing 5 mM H2O2, 10 mM DA-64, and 0.6 mg/mL HRP.
Apparatus
Apparatuses used for capturing digital images were the same as described in our previous paper. 26 A home-made chamber used for monitoring L-glutamate fluxes in a flow system is schematically shown in Fig. 1 . A lens paper was set in the chamber, on which a silicon O-ring (thickness 0.3 mm, inner diameter 1.0 cm, outer diameter 2.1 cm) was placed. An ACSF or an ischemia solution was run from the bottom hole to the waste side hole passing through a lens paper. A hippocampal slice (thickness 250 μm, coronal) was put on the lens paper, on which an agarose slip (vide infra) was covered. The time required for a BG solution to spread the whole area of the bottom was roughly 80 s at a flow rate of 0.10 mL min -1 .
Preparation of agarose slips containing GluOx, HRP and DA-64
An agarose gel containing GluOx, HRP and DA-64 on a glass slip was prepared as follows. A mixture of 130 U mL -1 GluOx in an ACSF (Ca 2+ -and Mg 2+ -free) (1.9 μL), 60 mg mL -1 HRP in Milli-Q water (5.0 μL), 26.5 mM DA-64 (5 μL) and ACSF (7.2 μL) was mixed with a 3% agarose solution (8.4 μL) at 35 C on a water bath. Then an 8.4-μL portion of the agarose mixture was transferred to the center of a silicon O-ring set on a glass slip and cooled to room temperature.
The final concentrations of each component were 10 U/mL GluOx, 0.6 mg mL -1 , 0.6 mg mL -1 HRP, 5.3 mM DA-64 and 1% agarose, respectively. The slip hereafter is abbreviated as an agarose slip.
Calibration with an L-glutamate solution
In the present visualizing system, L-glutamate diffused out of the slice is visualized by an enzyme reaction which converts a substrate DA-64 to BG. GluOx catalyzes the following chemical reaction, producing hydrogen peroxide. The magnitude of an L-glutamate flux was calibrated with L-glutamate in an ACSF. The responses of the agarose slip were almost saturated within 2.5 min, indicating a moderately rapid response (Fig. S1, Supporting Information) . The slope of R(t) vs. t plot, reflecting the magnitude of the L-glutamate flux, increased linearly with an increase in the amount (mol) of L-glutamate in the range from 0 to 1.06 nmol min -1 cm -2 ( Fig. S2, Supporting Information) . The detection limit for L-glutamate was 6.0 ± 0.8 μM (n = 3), which was superior to that (~15 μM) of the GluOx-layered slip method, 26 due to the larger amount of GluOx trapped in agarose slips.
Imaging of L-glutamate fluxes under ischemia
Adult male ddY mice (7 weeks old) were killed by cervical dislocation, followed by decapitation, according to the guidelines of the animal committee at Nihon University. Coronal slices (thickness 250 μm) were cut using a microslicer (Dosaka DTK-100, Kyoto, Japan) on an ice bath. The slices were incubated in an ACSF for 30 min at 32 C and held at room temperature until use. An ACSF and an ischemia solution were run in sequence at a flow-rate of 0.10 mL min -1 through a lens paper set underneath the slice. The images were taken every 10 s with a stereomicroscope (BH-2, Olympus, Tokyo, Japan) and a CCD camera equipped with a 695 nm filter (CoolSNAP cf, Roper Sicentific, Chiba, Japan). Control experiments were carried out by running an ACSF instead of an ischemia solution. All the measurements were performed at 31 ± 2 C. For slope analyses, TIFF images were divided into small regions referred to as region of interest (ROI), in the present case 12288 ROIs. The size of each ROI was 47 μm. The mean intensity of R(t) was calculated for each ROI, yielding a plot of R(t) versus t, followed by a slope analysis.
Results and Discussion
Immobilization of GluOx, HRP and DA-64 into agarose gel
A mixture of GluOx, HRP and DA-64 was immobilized into agarose (1%) gels by changing the temperature within a range of 35 to 40 C. The responses to 50 μL of a 50 μM L-glutamic acid in an ACSF were evaluated in terms of the magnitude of a slope of the R(t) vs. t plot under the condition that the concentration of co-immobilized HRP was sufficiently high (Fig. S3, Supporting Information) . The results obtained are shown in Fig. 2A . No significant changes in the slope were found at 35 and 40 C. But the slope became smaller when an agarose slip was prepared at 45 C, indicating the deterioration of the enzymatic activity of GluOx. Since the congealing temperature of agarose was less than 30 C, GluOx-immobilized gels were hereafter prepared at 35 C. Figure 2B shows the effect of agarose concentration on the enzymatic activity of GluOx. The congealing of agarose occurred even at 0.5%, but the reproducibility of the response was low, because of insufficient congealment. On the other hand, at a higher concentration (1.5%) of agarose, the gel was firm and it appeared to suppress partially the penetration of a glutamate solution. Therefore, the concentration of agarose was kept at 1%. Under the optimum congeal condition, the response of the gel to 50 μM L-glutamate increased with the concentration of GluOx in agarose slips (Fig. 2C) .
Effect of flow rates on the leak of BG
In the present flow system, an ACSF or an ischemia solution is run from the bottom hole to the waste side hole passing through a lens paper. We investigated the extent of the leak of a dye (BG) from a BG-immobilized agarose slip by running an ACSF at different flow rates for 60 min (Fig. S4, Supporting Information). The extent of BG leak from the gel after 60 min was obtained by measuring a change in the intensity of BG at 695 nm and evaluated according to Eq. (1).
where ∆BG is the very magnitude of a change (decrease) in the optical intensity of BG gel by running an ACSF, ∆Blank is a change in the intensity of gel in the absence of BG and ∆Glu is a change of the intensity of an agarose slip responding to 50 μM L-glutamate. As shown in Fig. 3 , the extent of BG leak (BGleak) was roughly 5% of the response to 50 μM L-glutamate at flow rates between 60 and 120 μL min -1 . The change was negligibly small as compared with the response to 50 μM L-glutamate.
The diffusional wash out of L-glutamate released in a hippocampal slice appears to be minimized with the agarose gel, because the agarose gel is in close contact with the brain slice, and hence L-glutamate is easily accessible to the enzyme layer, and further the rate of enzymatic reaction is fast.
Spatial resolution
The spreading of BG in an agarose slip, which likely leads to a diffusion blur, was examined by injecting approximately 1 μL of a BG solution into a 1% agarose gel with a microsyringe. The spreading of the BG spot was observed by taking photos at a given time interval (Fig. S5, Supporting Information) . We calculated the spreading rate by measuring the expansion of the edge of the BG spot between 0 and 10 min after injection of a BG solution into a 1% agarose gel. The spot of BG expanded gradually with time and its spreading rate in the gel was 75 μm min -1 till 5 min. The rate was much slower as compared with that (200 μm min -1 ) observed with our previous GluOx-layered method. 26 Consequently, agarose gel was found to suppress the spreading of BG, leading to suppression of a diffusion blur.
Monitoring of ischemia-induced L-glutamate fluxes in hippocampal slices
Monitoring the regional intensity of ischemia-induced L-glutamate fluxes at regions cornu ammonis 1(CA1), cornu ammonis 3(CA3) and dentate gyrus (DG) of a coronal hippocampal slice was performed with agarose slips in a flow system. The time courses of L-glutamate fluxes obtained by running an ACSF and an ischemia solution in sequence are shown in Fig. 4 , together with the 2D images. While no notable changes in the response were observed during the flow of an ACSF, a gradual decrease in the response was detected at CA1 and CA3 approximately 3 min after the onset of ischemia (Fig. 4A) . Such a change was not observed at DG. In control experiments (Fig. 4B) , no notable changes in the response were observed, except that at times longer than 45 min where a slight decrease in the response at region CA3 was observed. The ischemia-induced regional distribution profile was in accordance with those observed in our previous papers 25, 26 in the sense that the ischemia-induced L-glutamate flux increased in the order of CA1 ≈ CA3 > DG. In our previous paper, 26 biphasic changes in L-glutamate fluxes were observed at CA1. However, in the present study, the change in the L-glutamate flux was monotonous, probably because temporal resolution was not sufficient, owing to slow penetration of L-glutamate into the gel.
It is noted that the L-glutamate flux at each region was observed almost immediately after the onset of ischemia stimulation, because the present system allows the exchange of an ACSF for an ischemia solution in a flow system. In our earlier study, 26 a time lag was necessary for injecting a stimulant solution and observing L-glutamate release.
Visualization of LDH released from a hippocampal slice under ischemic conditions
Under ischemic conditions, apoptosis and necrosis may occur, causing the breakdown of the plasma membrane. Thereby, damaged cells release intracellular content, including lactate dehydrogenase (LDH), into the extracellular fluid. Based on the known enzymatic assay, 28 we visualized the release of LDH from a hippocampal slice under ischemia (Fig. S6, Supporting  Information) . The release of LDH was significantly larger at regions CA1 and CA3 than at DG. Such release of LDH was negligibly small for all the regions in the case of an ACSF. These results are consistent with those obtained above for L-glutamate imaging, showing that the large amount of L-glutamate release at regions CA1 and CA3 is related to the cell death phenomena.
Conclusions
The immobilization of GluOx, HRP and a dye in congealed agarose gel responded to L-glutamate in solution, producing a colored dye (BG) in the gel. The agarose-based visualizing system provides a useful method for knowing L-glutamate fluxes from hippocampal slices under ischemia in a flow system. The gel-based approach can be applied to other enzymatic imaging systems. The appearance of the green color is due to BG formed by the enzymatic reaction responding to L-glutamate, which was released by the ischemic stimulation. The intense green color surrounding the edge of the slice is due to L-glutamate released by tissue injury that occurred during the preparation of the slice.
